Abstract─This paper presents a heuristic method for solving transmission system expansion problems (TSEP) with consideration of N-1 security constraints. The method is divided into two phases. An initial plan is established in the first phase by a search process which is based on a modified simplex method and sensitivity indices. The second phase starts from the initial plan and performs the local search in the defined neighborhood. Additionally, reconstruction of the new lines on the existing right of ways, which is one of the interesting issues of TSEP in the urban area, is taken into account. The proposed method provides very satisfactory results compared with others.
I. INTRODUCTION
Transmission system expansion planning (TSEP) is one of the major tasks of an electric utility. With the forecast of electricity demand and the generation expansion plan in the planning horizon, the TSEP concerns with the questions of how to obtain the minimum cost plan which ensures operational security of the power system for delivering energy from generating stations to electricity customers throughout planning horizon [1] .
The methods for solving TSEP can be divided into three categories [2] , mathematical optimization, heuristic and metaheuristic. From the mathematical point of view, the TSEP is a mixed integer programming and its algorithm complexity is nondeterministic polynomial. In general, the mathematics based methods have to encounter the problem of computation time when it is applied to medium or large scale power systems. In case of taking into account additional constraints, e.g. N-1 security, the computation burden will be more severe. On the other hand, the heuristic based methods, which normally apply a search process guided by specified indices, can provide solution with less computation effort but deem to fall into local optimum. However, with elaborated modification of the search procedure according to the nature of the problem, it is possible to obtain results with acceptable quality. The metaheuristic methods, e.g. genetic algorithm, simulate annealing etc., are similar to the heuristic methods. A key objective of the metaheuristic based method concerns the search process with embedded mechanism to escape from the local optima. Therefore, the methods normally encounter higher computation burden than the heuristic based methods.
In this paper, a heuristic based method for solving the TSEP in single stage planning with N-1 security constraint consideration is proposed. In addition, the option of the reconstruction of new lines on the existing right of ways is taken into account. The applied search process employs a simplex method and sensitivity indices which reflect the alleviation of system overloaded resulting from construction of new lines.
This paper is composed of 5 sections. Section II reviews the heuristic method for the TSEP. Section III presents the proposed method. Section IV shows the test results of the proposed method. Finally, conclusions are drawn in section V.
II. HEURISTIC METHOD FOR TSEP
Most of the heuristic methods are based on the selection of candidate transmission lines in association with their sensitivity indices which reflect the ability to alleviate overloading problems [3] , [4] . In general, it continuously selects a number of new candidate lines so that the system is brought into a safe state. From this point, the set of candidates are established as an initial plan. Then an elimination task is performed by removing a less potential candidate from the initial plan. If the system still resides in a safe state, i.e. no overloaded line, then it can be permanently removed from the plan, otherwise it will be kept in the plan. The elimination task is continuously performed by removing other candidates in such manner until satisfied results are obtained.
In the optimization point of view, the establishment of the initial plan can be compared to the change of system states, i.e. from infeasible into a feasible states, whereas the elimination task can be compared with the local search, which tries to change system states from current to the other having lower cost.
III. PROPOSED HEURISTIC METHOD
The proposed method applies an optimization concept. It can be divided into two phases. The first phase deals with the search process based on the best action selection to alleviate overloading problem, which provides an initial plan to be used as a starting point for the local search in the second phase. In general, the search processes in the both phases are similar. However, the process of the second phase will be more elaborated.
A. Overview of Search Process
In describing the search process, we define the state of the system as 978-1-4244-3388-9/09/$25.00 ©2009 IEEE ( )
where T is a set plans which are subsets of a set of candidate lines (F), and m ∈ g R is the generation schedule for m generators in the system. Moreover, a function, z T (g) which indicates system security is defined as
where 
where Y pr,v is a primitive admittance matrix, A is a branch to bus incidence matrix, Z bus,v is a bus impedance matrix and K is a bus to generator incidence matrix. It should be noted that matrix Y pr,v and Z bus,v are dependent on the outage event v.
The search process tries to move from system state S to the other, resulting in the reduction of z T (g). From (1) it shows that the system state can be changed by two actions. The first one is the construction of new lines, i.e. changing T, whereas the second one is the reschedule of the generation, i.e. modifying g.
After adding a few candidate lines to the system, z T (g) may be reduced with modification of g, i.e. generation rescheduling, which can be done by solving the following LP problem.
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where g min and g max is the operation limits of the generators, m ∈ f R is the vector of the operation cost, y 0 is the operation cost of the current state, and d is the total demand.
From this point, it can be seen that lines in the system are divided into two groups. The first group comprises the lines which are members of D v and used in the calculation of z T (g). The second group is composed of the lines which are not the member of D v and will be treated according to (6) . Both groups are in the tableau of simplex method [5] and have to be updated in each iteration. If the system consists of nl lines, we can formulate 2nl equations for an outage event v as (10), (11).
where i = 1,…, nl, k = i + nl. The i th and k th row in the tableau corresponds to line l. If either s i,v or s k,v is less than zero then line l belongs to D v , and will be included in z T,v (g) calculation.
In solving the above problem, a new developed search algorithm instead of a general simplex method will be applied due to three main reasons.
The first reason concerns the reduced cost of nonbasic variables, i.e. the top row of the tableau. From (2), (3), it should be noted that the objective function (5) and the constraint (6) are dynamic. Since moving from one basic feasible solution to the other, the generation schedule may be modified. Consequently, the lines which are members of D v in the current state may not be members of D v in the next state. The second reason concerns the moving direction of nonbasic variables of (6), i.e. slack variable s i,v . In a general simplex method, only the positive direction is allowed. With the proposed algorithm, this rule is applicable for variables g 1 , g 2 , …, g m and the slack variables of (7), (8). However in case of the slack variables of (6), it can be changed in either positive or negative direction depending on which direction can better reduce the value of z T (g). By physical meaning, the negative direction of nonbasic variable of (6) means the line is overloaded, which may also cause greater reduction of z T (g). Therefore, it is worth to allow such variable to move in the negative direction. Consequently, instead of determining the entering variable, i.e. a nonbasic variable which will be changed to a basic variable, by a most negative value of the reduced cost, the proposed method selects the nonbasic variable which satisfies the following equations.
where a ij is the element in i th row and j th column of the tableau, N is the index set of nonbasic variables, J L is the index set of the slack variables of (6) . D is the index set of the basic variables corresponding to the overloaded line, M j+ is the index set of the basic variables corresponding to the line of which its load is 100% and will be higher loaded when nonbasic variable j is changed in the positive direction, i.e. the row in the tableau of which its right hand side element is equal to zero and the element in j th column is greater than zero. This may occur in case of the system having parallel lines with the same parameters. In the same manner, M j− is the index set of the basic variables corresponding to the line of which its load is 100% and will be higher loaded when nonbasic variable j is changed in the negative direction, i.e. the row in the tableau of which its right hand side element is equal to zero and the element in j th column is less than zero. The value of d j+ and d j− indicate the reduction of z T (g) when changing the nonbasic variable j in the positive and negative direction respectively. The developed algorithm will change the variable j in the positive direction if d j+ is the minimum and change the variable j ∈ J L in the negative direction if d j− is the minimum.
The third reason concerns with step size in the search algorithm, which is similar to the ratio test in a general simplex method [5] . Since the nonbasic variable can be changed in either positive or negative direction. Therefore, the ratio test has to be modified. The leaving variable, i.e. a basic variable which will be changed to a nonbasic variable, in positive and negative directions can be determined by (15) 
where B is the index set of the current basic variables, j is the index of entering variable, b i is right hand side element of i th row, and a ij is element in i th row and j th column. After solving the above LP problem with the developed algorithm if the system is still infeasible, it can be concluded that there is no reduction of z T (g) together with the decrease in the operation cost in either direction. Therefore, the next calculation step is to calculate two types of indices, i.e. generation rescheduling with the increase of the cost (I G ), and the construction of the candidate lines (I T,l+ ).
The meaning of I G reflects the decremental cost of z T (g) when the generation cost is increase. In a viewpoint of the simplex method, it can be compared with the change of the system state in the direction which reduces z T (g) and decreases the value of slack variable of (8). Normally at the end of the solving process, the constraint (8) is active, therefore its slack variable is of nonbasic type, and there is only one way to change the system state with the increase of the cost, i.e. change such variables in the negative direction. Therefore, I G can be defined to be equal to the reduced cost of the slack variable.
The other index, I T,l+ represents the decremental cost of z T (g) due to construction of the candidate lines, which can be described as follows:
where z T,l+ (g) is defined as z T (g) in (2) but with existency of line l in the system, c l is the annualized construction cost of line l. It should be noted that if the line l is constructed on the existing right of way, the removing of the existing line should be taken into account in the calculation of z T,l+ (g).
B. Establishment of Initial plan (The First Phase)
The objective of this process is to find an initial plan which is in the feasible region. The procedure begins with the search process by solving the LP problem, resulting in S * = (T, g * ), I G and I T,l+ of candidate lines. If some lines are still overloaded, the process will select actions, i.e. either reschedule of the generation or construction of candidate lines, which corresponds to the maximum index. Therefore, if I G is selected, the next action is to reschedule the generation, i.e. modifying g by row operation as used in a general simplex method. The leaving variable is determined by (16).
On the other hand if an I T,l+ is selected, the change of T may occur, resulting the change in Z bus,v matrix and all of relevant equations in the LP have to be updated for the next action. The search process continuously proceeds until the system state is feasible. Finally, it returns an initial feasible plan.
C. Local Search (The Second Phase)
Due to nonconvex nature of the TSEP, it is rarely to find an initial plan as the global optimum solution. Therefore, in the second phase, the algorithm applies the local search in the neighborhood of the initial plan. The concept of the second phase is to disturb the current state of T to the other one that has relatively lower cost. If the changing state is infeasible, it will search for a new one which is feasible with lower cost. The main algorithm of the second phase is described below.
1) For the current plan, S = (T, g), set ni = 0 and C 0 =Cost(S).
2) Define R ⊂ T, which comprises nr lines ranked in the top highest values of the construction cost.
3) Set S ′ = (T \ R, g). Call LocalSearch (S ′, C 0 ) to obtain result (S new , success).
4) If success is TRUE then set S = S new and go to 1), otherwise go to 5).
5) Set ni =ni +1. If ni >maxtries, terminate with S, otherwise define R ⊂ T in the same manner as 2) but the combination of the element in R is not same as the previous ones, and go to 3).
The function Cost(S) in 1) returns the summation of construction cost of plan T and generation cost due to g. In addition, the subroutine LocalSearch (S, C) in 3) will return the success variable with TRUE if it can find S new with Cost(S new ) < C . The algorithm is developed based on a recursive procedure described below. 
IV. TEST RESULTS
In this section, the proposed method has been tested on a common test system in TSEP research [6] . It is a six bus system with 760 MW of the total demand and the installed capacity is 1110 MW. Detailed information can be founded in [3] and [6] .
The tests are conducted by two cases, 1) TSEP with N-1 security constraints and 2) TSEP with N-1 security constraints in the situation of the deficiency of the right of way. In both case, there are two options. The first one minimize the total of investment and operation cost, while the second one only minimize the investment cost. The value of nr and maxtries in the main algorithm are defined as 2 and 25 respectively, while the value of nc the local search procedure is 3.
A. TSEP with N-1 Security Constraints.
The obtained results are shown in Table I with the computation time on Dell Optiplex 745 of 22.2 and 15.9 seconds respectively. The results show that although investment cost of the second plan (180,000 US$/yr) is less than that of the first plan (200,000 U$/yr), but the operation cost of the first plan is lower. Therefore, in view of the total cost, the first plan provides the total minimum cost plan. By applying the mathematics optimization method as stated in [6] and [7] , we can obtain the same result as the proposed method. However, the computation time on the same computer is about 264.2 and 91.4 seconds respectively.
In [7] , the genetic algorithm is applied and only investment cost is minimized. By comparison the results show the second plan provides the same results as [7] .
B. TSEP with N-1 Security Constraints and Deficiency of ROW
The proposed method has been tested in case of there is only one right of way for each bus pair, which reflects actual situation. In addition the system planner can decide to construct towers which have more than one circuit on each right of way.
With the addition of the practical standard type such as double circuit and four circuit tower of candidate lines with the construction cost of 1.5 and 2.5 time of a single circuit tower respectively. The results are shown in Table II . The computation time is about 14.8 and 13.9 seconds. It should be noted that the line on path 3-5 is reconstructed from the single circuit tower to the four circuit tower on the existing right of way. V. CONCLUSIONS
A heuristic based method to solve the transmission system expansion planning with N-1 security constraints has been developed. The search process is based on indices of the actions to remedy the transmission line overloaded problem. In addition the simplex method has been adopted by slight modification to accommodate for the TSEP.
The process of the local search is a critical issue in the developed algorithm. The value of nr can be compared with the size of the neighborhood. The higher value of nr represents the further move from the current plan, which requires longer computation time. In addition, the value of nc and maxtries can be compared with fineness of the search process in the neighborhood. Certainly, the higher value of nr, nc and maxtries can provide a better final plan, however it may cause higher computation burden. Therefore, the compromise between the quality of final plan and the computation time should be taken into account.
The benefit of a heuristic method is less time computing. In case of a small size system, it may not be evident. However, in case of a large system or the addition of some security constraints, it can be obviously seen. Moreover in the multistage planning, the problem must be larger than in the case of a single stage planning. Therefore, the computation time should be the interesting issue.
